Excess sediment and nutrients in surface waters can threaten aquatic life. To determine the relative importance of subsurface drainage as a pathway for movement of sediment and nutrients to surface waters, loading from various tile systems was compared to that from sewage treatment plants (STP) within the same watershed. Movement through tiles comprised 1 to 8% of estimated total (overland plus tile) annual sediment loading from the respective areas drained by the tile. Load during the growing season from five closed drainage systems without surface inlets averaged 5 kg sediment/ha, 0.005 kg dissolved reactive P (DRP)/ha, 0.003 kg NH 4 -N/ha, and 3.8 kg NO 3 -N/ha; and from two open drainage systems with surface inlets averaged 14 kg sediment/ha, 0.03 kg DRP/ha, 0.04 kg NH 4 -N/ha, and 3.1 kg NO 3 -N/ha. The eight STP contributed about 44 530 kg suspended sediments, 3380 kg total P, 1340 kg NH 4 -N, and 116 900 kg NO 3 -N to the watershed annually. Drainage systems added less NH 4 -N and P, but more NO 3 -N and suspended solids to surface waters than STP. Tile drainage pathways for NO 3 -N, STP in the case of P, and overland pathways for sediment are indicated as targets to control loading in artificially drained agricultural watersheds.
Introduction
Nutrient and sediment loading to surface waters can threaten aquatic species. 1,2 Enrichment of P and N depletes oxygen and the NH 3 -N form of N can be directly toxic to aquatic life. 3 Turbidity is believed to be the main factor limiting the distribution of rare aquatic species in the Sydenham watershed of Ontario, Canada. 2 Within this river system reside: five species that are considered endangered; three classified as threatened; and six of special concern, according to the Committee on Status of Endangered Wildlife in Canada; along with an additional 19 rare species. 2 To protect species at risk in the Sydenham River, a Recovery Team was formed. Determination of the major pathways of sediments and nutrients to the river was a research and monitoring priority that they identified. This information was deemed necessary to develop and implement their Recovery Strategy.
Subsurface drainage may be an important pathway for sediment and nutrient movement to surface waters in agricultural watersheds that are extensively tile drained such as the Sydenham. 2, 4, 5 In the humid regions, approximately 8 M ha in Canada and 44 M ha in the US are artificially drained. 6, 7 Nutrient movement to tiles is affected by nutrient application rate 8, 9 and timing, 10 soil characteristics 11 and crop. 12 Sediment movement to tiles may be affected by management, but the trends and quantities reported are inconsistent. [13] [14] [15] [16] Sediment movement to tiles increased with tillage in some studies, 13, 14 but decreased with tillage in others. 15 Loads vary widely within and across studies e.g. from 97 kg/ha/yr under bluegrass sod (Poa pratensis L.) to 407 kg/ha/yr under continuous corn (Zea mays L.) in clay soil, 16 and from 13 kg/ha under conventional till to 61 kg/ha under ridge till in clay loam. 15 Discrepancies in quantities and management effects on sediment movement through tile might arise due to site-specific differences such as soil texture, or to imprecision (error mean) in load calculations, which were often derived from estimated flows and/or concentrations. 13 The general lack of load data from tiles can be partly attributed to the difficulty in obtaining reliable measurements during large episodes when drain outlets tend to be submerged. 17 In addition to diffuse sources such as agricultural lands, point sources such as sewage treatment plants contribute with suspended solids and nutrients to surface waters. 4 Knowledge of the relative inputs from point and non-point sources was also required for planning recovery actions.
Objectives
Our study was undertaken to compare sediment and nutrient contributions to surface waters from both STP and tiles draining fields with varied landscapes and management practices. Identification of sediment and nutrient sources and improved understanding of management effects can inform mitigation strategies. For example, if tiles are a major pathway, movement is primarily under rather than over the riparian zone, and buffers will be less effective to control movement. 2, 18, 19 Such information can be helpful in targeting resources to major pathways and practices that reduce turbidity and nutrient loading, and ultimately, improving habitat for aquatic species.
Materials and Methods

Diffuse sources
Sites and sampling Within the Sydenham watershed, which has 85% agricultural land use, 2 tile drainage outlets located on five different farms ranging 81° 50-59' W, 42° 45-53' N ( Fig. 1 , Table 1 ) were monitored in 2003 and 2004. In 2003 at each of three selected farms, monitored outlets (designated A, B, C) were from closed systems without surface inlets draining land under annual crop production. The area drained by the systematic tile network or tile-shed, connected to Outlet A had complex slopes of up to 5%, and was planted with corn harvested for silage at the end of September 2003. Outlet A drained into a stream which flowed into a tributary called Haggerty Creek. A mowed grass buffer existed between the field and the stream. The tiles connected to Outlet B drained a field having slopes up to about 3%, which was cropped with soybean [Glycine max (L.) Merr.]. Water from Outlet B flowed into a roadside ditch and then through a culvert under a gravel road into a small creek. The creek was flanked by trees on one side and shrubs and grasses on the other for a distance of 64 m where it then emptied into the Sydenham River. The third outlet (C) drained a field with slopes of 1% and flowed into a municipal drainage ditch (Table 1 ). Monitoring at Outlet C began late (July, Fig. 2 ) because the sampling equipment was initially positioned at a different outlet which produced no flow throughout spring 2003. In 2004 within each of two fields, one outlet draining a closed system and one outlet from an open system with surface inlets were monitored. One field was in perennial (Outlets D, E) and the other in annual crop production (Outlets F, G, Fig. 1 , Table 1 ). The perennial forage field was well-established, mainly alfalfa (Medicago sativa L.). The open drainage system tile-shed (D) included a grass waterway, complex slopes up to 5% and two catch basins buffered by forage, with one basin located near a laneway. The closed tile-shed area (E) in the alfalfa field had 1% slope. Water exiting Outlets D and E flowed overland through grasses and trees to a tributary called Brown Creek. At the annual crop field, solid poultry manure was broadcast after winter wheat harvest in 2003 and soybeans were planted early June 2004. Both tile-sheds had 1% slope. The open system (F) included two hickenbottom surface inlets which are perforated risers, that were edged with gravel but had no vegetated buffer. Both the closed (G) and open (F) outlets drained into a ditch which flowed into a tributary called Little Bear Creek.
Outlet flows were determined by automated measurement of the depth of water flowing over a weir in a plywood box anchored below the outlet. Data were recorded every 5 min using a UL16 data logger and float installed on a pulley (FS 15, Lakewood Systems Ltd., Edmonton, AB) above a stilling well. Flow (Q) in m 3 /s was calculated using:
where Cw equals the weir coefficient, which is 2.5 for a 90° V-notch; h equals head or height in m above the V from the float; and x is a constant. For each weir box, x was obtained by measuring heights of known flows. Water from the outlets was collected using automated samplers (Isco Inc., Lincoln, NE) with hoses positioned inside the weir boxes. When flow was continuous, samplers were usually programmed for collection every 8, or sometimes 12 h, but for more frequent collection, e.g. every 3 h, if rain was imminently forecast. If tiles were not flowing, liquid level actuators (Isco Inc., Lincoln, NE) positioned inside the boxes triggered sampling to commence along with flow. For start-up flows, samples were collected with decreasing frequency over time, i.e. six samples every 15 min, followed by two every 30 min, seven every 1 h, one every 3 h and every 6 h thereafter until the next site visit or until all 24 bottles were filled. Tipping buckets (TE525) and automated reflectometers (CS-615) connected to data loggers (Campbell Scientific Inc., Edmonton, AB) recorded rainfall and soil volumetric water content (θv). Reflectometers were calibrated using soil from the same field, and were installed in the top 0.3 m of soil. Two reflectometers and one tipping bucket were installed at location A from 16 Apr. to 5 Nov. 2003, at C from 15 July to 5 Nov. 2003, at D/E from 28 Apr. to 28 Nov. 2004 with reflectometers in the Outlet E tile-shed, and at F/G from 5 May to 28 Nov. 2004 with reflectometers in the Outlet G tile-shed. These data were not collected at Outlet B since it was only a few kilometers from Outlet A. A Com100 Motorolla cellular transceiver with Com200 modem (Campbell Scientific Inc., Edmonton, AB) was connected to one data logger each year to remotely determine the occurrence of rainfall and facilitate timely collection of samples. To characterize tile-shed areas, selected physical and chemical properties were determined in soil samples collected from the top 0.2 m ( Table 1) .
Samples of surface water into which outlets drained were collected periodically, either manually from creeks receiving Outlets A, B and C in 2003, or using an automated sampler from the creek receiving Outlets F and G in 2004. No surface water existed adjacent to the field drained by Outlets D and E. Water was also collected from the Sydenham River downstream of the creek receiving Outlet B. Creek flows were measured near Outlets A and B about 5 h after peak rain intensity on 3 Nov. 2003. Downstream of Outlet A, flow was determined from the height of water over a V-notch in a weir board which was 2.1 m long and installed across the stream. Downstream of Outlet B, flow was determined from time to capture known volumes of water flowing out of the culvert.
Water analyses and load calculations
Sediment concentrations were determined from weights obtained by filtering known volumes of water, [22] [23] [24] were determined in filtered samples.
Sediment and nutrient loads from outlets were calculated for each time increment between water samples and summed over time:
where S is measured constituent concentration (mg/L) at time t, and V is flow volume since the previous sample in L/time interval, as calculated from Q in equation (1) . The amounts summed over the season were converted to a ha basis according to the tile-shed areas listed in Table 1 . At the 2004 soybean field, load could not be calculated when excessive rains of 89 mm from 21-23 May and 43 mm on 9 June 2004 raised the water level in the ditch receiving Outlets F and G by about 3 m, above the level of outlets and monitoring equipment.
Overland sediment delivery to surface water was estimated for each tile-shed area using the Universal Soil Loss Equation with site specific parameters and a calibrated sediment delivery ratio, 25 which gives long term annual average. Overland sediment delivery to surface water from the sub-watershed upstream of Outlet A was similarly estimated. This long term annual average, along with measured outlet and creek sediment load on 3 Nov. 2003, was used to estimate sediment movement through tile over the winter period, which was not monitored, by assuming a constant contribution from Outlet A to creek load throughout the year. Creek sediment loads were calculated by multiplying measured flow volume with concurrent sediment concentrations.
Point sources
The eight STP located within the watershed ( Fig. 1 ) provided information on treatment processes and data on flows and N and P concentrations, from which daily and annual loads were calculated. For Strathroy, the calculations were based on July 2002 data. Not all constituents were measured at every plant. The calculated values underestimate total nutrient flows since instances of flooding (overflow) are not included. For comparison to point sources, load from tiles on a watershed basis was estimated using the measured seasonal average from the five monitored closed drain systems and the land area of the Sydenham watershed that is tile drained of 163 500 ha, which is 60% of the total area. 2
Results
Diffuse sources
Flow responses On wet soil, tiles generally flowed within a few hours of 10 mm rain. For example, Outlet A flowed with 13 mm rain over 4 h on 2 Nov. 2003 ( Fig. 3 Cumulative sediment loads on a drained area (ha) basis were similar among closed system Outlets A, B and G with season-long monitoring, but less from both Outlet C which was not monitored during spring, and Outlet E which drained alfalfa (Fig. 2 ). Ten-fold more sediment moved through the drain system that had surface inlets than through the comparable closed system at the alfalfa field and 2-fold more at the soybean field (Fig. 2 ). Greater sediment load through the open system at the alfalfa (D) than at the soybean (F) field (Fig. 2 ) may be in part attributed to missing data when sediment movement could not be quantified at the soybean field due to flooding during unusually wet May and early June weather. Rainfall in May 2004 was 159 mm, double the long-term May average of 79 mm. With flood dates excluded from the totals, sediment movement through the open system at the alfalfa field was 1.3 kg/ha, which was less than through the open system at the soybean field (Fig. 2) . 
Phosphorus instantaneous and flow-weighted concentrations and load
In spring and summer, DRP concentrations in water from Outlets A and B were similar, usually 0.04 mg/L, except when it was 0.06 mg/L on 24 June from Outlet B for both daily average ( Fig. 9 ) and instantaneous concentrations. In the fall however, when Outlet B had no flow, DRP concentrations in water from Outlet A rose to 0.78 mg/L instantaneous concentration at 9:00 (data not shown) and 0.48 mg/L daily average ( Fig. 9) 
Nitrogen instantaneous and flow-weighted concentrations and load
In tile drainage water, total N was comprised mainly of NO 3 -N ( Fig. 2) . Greatest daily average NH 4 -N concentrations were observed from Outlet B draining soybeans on 24 June 2003 ( Fig. 11) and Outlet D draining alfalfa on 9 June 2004 ( Fig. 12 ). Elevated concentrations of NH 4 -N were also observed on 11 Apr. 2003 from Outlet A ( (Fig. 11 ) and on 23 May 2004 in the creek receiving Outlets F and G ( Fig. 12) with an instantaneous concentration of 0.68 mg/L at 4:00. Surface water NO 3 -N concentration dynamics differed from that of NH 4 -N, with increased concentrations in October or November relative to July and August e.g. in the Sydenham River and creeks receiving Outlets C and F/G (Figs. 13, 14) . In receiving surface waters, NO 3 -N concentrations were less than in water from tile drains except Outlet F on 5 and 25 Nov. 2004 (Fig. 14) . Among all outlets, B and C had highest seasonal flow-weighted total N and NO 3 -N concentrations (Fig. 2 ). Outlet C, cropped with corn, had high NO 3 concentrations from Outlet B, which was cropped with soybeans and did not flow in fall, occurred in spring and early summer ( Fig. 13 ). Concentrations of NO 3 -N were greater from open (D, F) than closed (E, G) drains (Figs. 2, 14) , and were particularly low from Outlet E.
Point sources
The Strathroy plant has a tertiary water treatment process, with aeration, sand filter and UV treatment. Tertiary water treatment processes are also used at Wyoming and Petrolia, with extended aeration, sand filters and UV treatment. Extended aeration, P removal and disinfection water treatment processes are used at both the Alvinston and Dresden sites. Wallaceburg has 2-stage anaerobic digestion, belt press dewatering, and UV treatment. Oil Springs consists of a lagoon with batch P removal and has a 23 day discharge. Watford has a lagoon and 13 day discharge. Flows and concentrations of suspended solids and most P and N constituents were available for calculating annual loads from the STP effluent to the watershed (Fig. 15 ). Total load from all STP to the watershed was 44, 532 kg solids/yr, 3377 kg Tot-P/yr and 1342 kg NH 4 -N/yr. Contribution of NO 3 -N was much larger than that of NH 4 -N or total Kjeldahl N which is comprised of organic-+ NH 4 -N ( Fig. 15 ). NO 3 
Discussion
The amount of precipitation required to trigger outlet flows depended on rain intensity, initial soil water content, presence of inlets, crop type and soil texture.
The trend was a faster flow response with increased rain intensity, increased soil water content and presence of surface inlets; and slower or less response with alfalfa and coarse soil texture e.g. Outlet B flowed less frequently and drained a field of coarser texture than A. Contributions from drainage tile to base flows are variable and not well studied. 7 In an Illinois watershed where tile contribute 7% to base stream flow, drain flow responses were slow, about 94 h, with dry soil at the time of a storm, and peaked 43 h after stream flows. As these authors 7 speculated, we observed more rapid outlet flow responses when soil was wet, such as flow within 1 h when soil was near saturation, and where drainage systems had surface inlets, such as flow within 30 min, likely reflecting overland flow. Low flow from Outlet E was probably due to crop water uptake as topsoil was about 0.1 m 3 /m 3 drier in the alfalfa than soybean field from mid-June through September 2004. Tile flow was similarly less from sod than corn in another Ontario study. 16 Outlets that were monitored from late April or early May until November (A, D, E, F and G) had flow volumes equivalent to 7, 4, 1, 3 and 5% of rainfall, respectively. Year-round measures of water partitioning through tile in humid temperate climates range from 15 to 30% of precipitation, [26] [27] [28] greater than our within growing season measures, because much of the annual precipitation occurs over winter. For example, long-term 1971-2000 average precipitation from November-April for Petrolia is 437 mm, or 47% of total annual (Environment Canada weather station). We estimated that an additional 6 kg/ha of sediment was transported over winter through Outlet A, comprising 40% of total annual load. In a Minnesota study, a similar proportion, about 40%, of total annual sediment load moved during snowmelts, with the remainder transferred with rainfall. Total annual movement through systems with hickenbottom inlets in that study averaged 46 kg solids/ha/yr over a 3-yr period, but with wide temporal variation ranging from 1 to 125 kg/ha/yr. 29 Snowmelt also predominated annual subsurface and surface sediment movement in a Quebec study. 30 To protect aquatic life, 46 mg suspended sediment/L is a proposed threshold for turbidity, 31 and Canadian water quality guidelines advise a maximum suspended sediment concentration increase from background of 25 mg/L at times of high flow, when background levels are between 25 and 250 mg/L. 32 Fluctuations of this magnitude occurred in our study during storm events in creek (Figs. 7, 8 ) and tile outflow (Figs. 3, 5, 6) water, particularly after dry periods. Elevated tile water sediment concentrations at the beginning of flow events followed by a rapid decrease to relatively constant levels was also observed from a silty clay/ silt loam field in Indiana. 33 Movement of sediment into tiles is attributed to preferential flow through undisturbed macropores 15 and swelling and shrinking of clays. 34 The field drained by Outlet C had greatest flow-weighted sediment concentration for closed systems (Fig. 2) and greatest topsoil clay content (Table 1) . Well-developed cracks were observed in this field in August, and subsequently (fall 2003) high outflow sediment concentrations (Fig. 7) , particularly on 2 Nov. after a dry period of 89 d with no flow (Fig. 3) . The trend of greater sediment concentrations in water from open than closed drainage systems (Figs. 2, 8 ) was previously observed in grab samples collected from 26 outlets in the Sydenham watershed which averaged over multiple dates 200 mg/L from open vs. 50 mg/L from closed systems. 35 There was no apparent effect of tillage practice on sediment movement through tile in our study. The P limit to prevent eutrophication of surface water of 0.035 mg P/L 36 was exceeded in STP effluent from all plants except Oil Springs, which uses batch removal of P in the treatment process (Fig. 15 ), and in drainage water from five of seven monitored outlets (Fig. 2) . Seasonal flow-weighted DRP concentrations from the closed drainage systems (Fig. 2) were: comparable to annual flow-weighted tile water DRP concentrations in an Illinois watershed which ranged 0.08 to 0.20 mg/L 4 ; and less than flowweighted Tot-P concentrations in water draining through surface inlets in Minnesota when flow was rainfall-induced (0.7-6.5 mg/L), but not snowmeltinduced (0.2-2.9 mg/L). 29 Four of the five outlets from closed systems had flow-weighted concentrations that were less than DRP concentrations in surface runoff collected from agricultural watersheds in Ontario of 0.098 to 0.69 mg/L 37 and 0.1 mg/L, 16 or Quebec of 0.06 to 0.42 mg/L. 30 Similar to sediment, P transport through tile in the first flush of drainage water following dry weather has been attributed to the washing of fine material from the sides of cracks, fissures and earthworm burrows. 38 In a silty clay loam pasture about 17% of Tot-P loss through tile was associated with particles. 39 Greater flow-weighted DRP concentrations in water from Outlet C than from the other closed systems (Fig. 2 ) may have been related to soil P. Available P in topsoil of fields drained by Outlets C and F/G was greater than in the other fields (Table 1) . Soil test P values were less than the threshold of 60 mg/kg available soil P, above which it is proposed that P moves to tile and concentrations will exceed 0.3 mg Tot-P/L. 11 Seasonal P loads through the closed drainage systems (Fig. 2) were less than annual loads reported from: cracking clay soil in the UK of 0.1 to 0.6 kg Tot-P/ha/yr; 40 Tot-P/ha/yr; 39 and clay soil in Ontario of 1 kg/ha/yr with tile 0.6 m deep and 0.4 kg/ha/yr with tile 1 m deep. 16 Loading of DRP through the open systems ( Fig. 2 ) was comparable to annual loads in Minnesota lacustine landscapes of 0.12 kg particulate P/ha/yr from both closed drains and systems with hickenbottom inlets. 29 The similar P transport with or without inlets was attributed to ponding at the hickenbottom, which allowed entrained particles to settle. 29 Type of inlet structure was confounded with crop in our study with catch basins in the alfalfa field and hickenbottoms in the soybean field, and so the effect of inlet design on sediment and nutrient loading remains an area for future study. Aquatic surface water quality standards for NH 4 -N in Canada of 0.019 mg unionized NH 3 /L or 3.4 mg NH 4 -N/L at pH 7 and 25 °C 3 or in the US of 2.5 mg NH 4 -N/L 41 were not exceeded in STP effluent or tile outflows. The low NH 4 -N concentrations observed are typical of tile water, except when preferential flow occurs during manure application. 8 We observed greater NH 4 -N concentrations in tile water draining legume (soybean, alfalfa) than corn crops.
Guidelines for aquatic life of 2.9 mg NO 3 -N/L 42 were exceeded in STP effluent except from lagoons at Watford and Oil Springs, all tile outflows except Outlet E (Figs. 2, 15 ), and frequently in creek and river water (Figs. 13, 14 ). Elevated drainage water NO 3 -N concentrations from the 2003 soybean field (Outlet B) was not an inherent site characteristic, since water collected from Outlet B the previous spring when the field was planted with corn contained only 7 mg NO 3 -N/L on 14 May and 6 mg NO 3 -N/L on both 24 May and 3 June 2002. 35 NO 3 -N concentrations in water draining from soybean fields can be a function of the N fertilizer rate applied to the previous crop. In Pennsylvania, leachate NO 3 -N concentrations in soil water 1.2 m below soybean ranged from 19 to 36 mg/L following corn that received 200 kg fertilizer N/ha, but only 3 to 11 mg/L when the preceding corn was fertilized with 0 to 100 kg N/ha. 9 Increased surface water NO 3 -N concentrations in fall as noted in the Sydenham River and creeks receiving Outlets C and F/G (Figs. 13, 14) , may be related to less removal by denitrification as stream water temperature cools 43 and/or greater inputs from tiles when N uptake by annual crops ceases, as illustrated by the increased concentrations from Outlets C and F.
As a result of low flows and concentrations, the closed drainage system cropped with alfalfa (E) contributed the least N load of all outlets, and less sediment and P load than all outlets except C which was only monitored from summer to fall (Fig. 2) . Low NO 3 -N concentration (5 mg/L) is typical of tile water draining alfalfa, 12 and less N load through tile draining alfalfa than corn was likewise observed in Ohio (1 kg N/ha vs. 41 kg/ha). 44 A trend of less sediment and nutrient movement, particularly N, from tiles draining pasture, forage and winter cereals than from systems draining corn or soybeans was noted in grab samples collected previously from the Sydenham watershed, and was in part due to less flow. 35 Due to extensive root development and quasicontinuous water and nutrient uptake, forage can also reduce overland sediment movement dramatically, by up to 760-fold, relative to row crops such as corn. 45 Overland nutrient movement from catchments with pastures and cereals in Norway of 14 to 35 kg total N/ha/yr and 0.2 to 2.3 kg Tot-P/ha/yr was less than from catchments in vegetable producing areas of 55 to 112 kg total N/ha/yr and 1.0 to 18.9 kg Tot-P/ha/yr. 46 In the absence of artificial drainage, overland flow and potential sediment and nutrient movement in runoff waters increases. Decreased sediment concentration over time in Ohio rivers despite increased storm intensity has been attributed in part to tile drain installation, 47 but few studies however, have quantified the net effects of drainage on sediment and nutrient loading. In a grassland, Tot-P transport was 30% less with than without tile and the authors speculated that the reduction in P transport due to tiling would be greater from cultivated than from grass systems. 38 Subsurface drainage combined with a vegetative filter strip in Illinois reduced the quantity of runoff water as well as concentrations of P in surface and subsurface outflows, but sometimes increased transport of NO 3 -N in subsurface flow. 19 Soil erosion in Ontario can be up to 20, 000 kg/ha 48 but processes such as deposition or sediment delivery determine how much enters surface waters. Overland sediment delivery to surface water ranged: 60 to 1300 kg/ha from the tile-shed areas in our study (estimates); 31 to 3000 kg/ha/yr from eight catchments in Norway; 46 and 400 to 900 kg/ha from an Essex County, Ontario watershed. 16, 49 The proportion of sediment that moved through tile during the growing season was 1 to 5% of the estimated annual overland delivery, and 9% when the additional estimate of sed- iment movement over winter through Outlet A was included. Proportion of total (tile + overland) sediment load that moved through tile following rainfall simulation on clay loam in Minnesota of 2% under conventional and 15% under ridge till was similar in magnitude. 15 Associations of P with point sources, and N and solids with non-point sources have been observed in other watersheds. Fine sediment loading to rivers in the UK was primarily from diffuse sources rather than from sewage or industrial effluents. 1 In an Oregon watershed, higher N concentrations correlated primarily with agricultural land use, and elevated P concentrations with urban land use, although P trends were attributed mainly to factors such as storm drains and impermeable surfaces 50 rather than STP. In streams of the Upper Midwestern US, NO 3 -N concentrations correlated positively to stream flow, upstream areas planted with corn, and upstream N-fertilizer application rates; and weakly with population density. 51 In an Illinois agricultural watershed, from a town with a population of 2500, comparable to that of Wyoming and Petrolia, STP effluent P contribution of 450 kg DRP/yr was also comparable (Fig. 15 ), and did not add greatly to the annual P load in the river, but impacted water quality during low discharge periods in summer and fall. 4 conclusions Sediment movement through tile increased with field clay content and the presence of surface inlets. P concentrations in tile drainage water increased with field soil P content and presence of surface inlets. Quantitatively, tiles were a less important source of solids than overland movement, and P loads from tiles were small relative to that from STP. STP are a major source of P and NH 4 -N load to the Sydenham watershed, whereas drainage tile contribute greater quantities of NO 3 -N and solids than STP. Our results suggest that targeting: subsurface drainage pathways for NO 3 -N (e.g. optimize N application rate, winter cover crop); 52,53 overland pathways for sediment (e.g. minimum tillage, filter strips); and STP for P (e.g. batch removal); would be effective strategies for reduction of loading to surface waters in tile drained agricultural watersheds. Forage demonstrated low risk for subsurface sediment and nutrient movement in this study. Coupled with effective control of overland movement documented in other studies, this cropping system is therefore well-suited to areas with high risk of both surface and subsurface movement. Simultaneous quantification of sediment and nutrient transport overland and through drainage systems during winter is needed to better understand partitioning to surface waters in humid temperate regions.
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